INTRODUCTION
To further the understanding of the mechanism of failure of submarines under enemy attack at great depth, it was desired to determine the contribution of the lobar mode of response to collapse of submarine pressure hulls subjected to underwater explosions. The possible importance of this mode of dynamic response has been under serious consideration in submarine research only during the past several years, mainly as a result of work initiated at the David Taylor Model Basin in the latter part of 1949. *' 1. To determine whether the collapse pressure of a submarine pressure hull is adversely affected by the superposition of lobar vibration upon hydrostatic pressure.
To determine whether the mode of collapse is altered by the above combined action.
3. To obtain additional information to supplement present knowledge of the dynamic characteristics of stiffened cylindrical shells when subjected to radial excitation and to correlate the measured natural frequencies with those theoretically possible on the basis of analyses of the stiffened shell as a collection of elastically supported rings.
4.
To determine the virtual-mass effect of surrounding water.
To determine the effect of hydrostatic pressure on the resonance frequencies of lobar vibration.
For these tests two pairs of simplified models of submarine pressure hulls were tested. One model of each pair was subjected to hydrostatic pressure only, while the other model was subjected to combined hydrostatic pressure and steady-state lobar vibrations. The first set of models, designated DR201 and DR2C2,* failed by shell yield, while the second set,
•At the time cf these testa Model SS-3U, a model identical to Model DR201 which waa constructed by the Norfolk Naval Shipyard (or explosion tests, had recently been subjected to hydrostatic teata at the Taylor Model Basin in connection with an investigation of residual strength.
In general, repetition of this test would be considered desirable, but in this caae funds were limited sod duplicator was not believed warranted for these exploratory tests. For these reason* the results obtained on SS-3'0 are used for comparison purposes in this report. The complete description and results of this phase of the test are given in Reference S.
CONFIDENTIAL SECURITY INFORMATION
CONFIDENTIAL designated DR203 and DR204 and identical to the first set except for lighter frames, failed by general instability. The results of these four tests are contained in reports issued in two parts, Part I pertains to Models DR201 and DR202; Part JJ 4 pertains to Models DR203 and DR204 and also contains a general discussion of all results. In this report, Part I, there is contained a description of the models, instrumentation, test procedures, and model damage. Also included are results of static and dynamic strain measurements and of the measured resonance frequencies of the model in air, surrounded by water at atmospheric pressure, and as hydrostatic pressure is applied. The results are discussed and compared with appropriate theories for the static and dynamic behavior of a stiffened circular cylinder. From these discussions conclusions are drawn with a view toward satisfying the test objectives.
DESCRIPTION OF MODELS
The models tested simulate the center circular section of a submarine pressure hull with five evenly spaced rectangular frames and two heavy rings at each end which simulate wing bulkheads. The geometric characteristics of the models are: Additional geometric characteristics of the models are given in Table 1 . The nominal dimensions of the models are shown in Figure 1 . The shells are constructed of 5/32-in. mediumsteel plate. The yield strength of the steel employed in Models DR201 and DR202 is not known exactly because the strength of samples of steels for a large number of similar models was measured by the manufacturer without correlating individual specimens and models. 5 From the data later available it was learned that the values of yield strength could have varied between 87,000 and 44,000 psi. It is possible that a nominal value of the yield strength of 40,000 psi* could be used for Model DR202, and it is suspected that Model DR201 may have had a slightly higher yield strength-on the order of 48,000 to 44,000 psi.** The ahella of Models DR201 and DR202 were constructed of 5/33-in. medium-steel plate, and the framea w~re conatrocted of high-tensile steel The exact yield strength of the material naed la not known bat probably ranged from 37,000 to 44,000 pal.
INSTRUMENTATION AND TEST PROCEDURES
Both models were tested in the Taylor Model Basin 1500-psi, 37-in. diameter pressure tank. The bottom of each model was sealed by a welded pressure-tight bulkhead, and the top was welded to the serrated clamping ring for attachment of the model to the tank. The ring has a large opening which permits access to and visual observation of the interior of the model during test Circularity measurements were obtained at the frames and midway between the frames to indicate the initial ouUof-roundness of both models and the final configuration after collapse. No further measurements applicable to this test were made on Model DR202.
To study static and dynamic response, Model DR201 was first loaded to a given increment of hydrostatic pressure, and the static strains and pressure were recorded. The model was then vibrated at the various modes of lobar vibration; the dynamic strains, the force applied by the vibration generator, and the dynamic pressure inside the test tank were recorded simultaneously on the moving film of e Consolidated electromagnetic oscillograph. This 
CONFIDENTIAL

At each increment of hydrostatic pressure during test
For producing the required radial excitation during combined loading tests twoCalidyne electromagnetic generators, each capable of developing a maximum force of 25 lb, were attached to the structure at locations shown in Figure 2 . Each shaker has a calibration of 3.1 lb/amp (rms) armature current with the field current to each shaker adjusted to 0.4 amp. The weight of the armature which is attached to the structure is 0.66 lb. For the tests conducted in air, where the additional force was not required, only one shaker was employed in order to minimize the inertia effect of the mass of the armature. Control apparatus consisted of a 115-v d-c field supply, a Hewlett-Packard 202D oscillator with a frequency range from 2 to 70,000 cps (which serves as the variable-frequency signal source), a 50-w power amplifier coupled to the calibrator through a variac (continuously variable auto-trans former), and an armature-current indicator. The armature-current signal was monitored on a cathode-ray oscillograph to check on the purity of the sine-wave excitation, and, in addition, the armature current was recorded together with the strains. A reversing switch inserted in the armature circuits enabled the respective phases of the two vibration generators to be changed for corresponding modes of lobar vibration. The resonance frequencies were determined by varying the frequency of the exciting force and noting the frequencies at which maximum structural response occurred for a minimum armature current at a given power setting.
CONFIDENTIAL
Direction of Excitation
First Looding As noted in Figure 2 the locations of the vibration generators were changed between the first and second loading. This change in location was not originally planned and was due to observations made during the test. It was noted during the first loading that at the 425-psi increment a small bulge* occurred at 40-deg orientation between Frames 2 and 3.
Direction of Excitotion Second Looding
•The bulge consisted of a single lobe resembling that developed by shell instability; this wss believed occasioned by local plastic yielding of the shell material which resulted in a reduction in equivalent modulus of elasticity causing buckling of the shell CONFIDENTIAL CONFIDENTIAL s Collapse was then believed imminent, but pressure was increased to 450 psi without further suggestion of failure. Arrest of this local yielding was attributed to strain hardening, and as a result it was then decided to reorient the vibration gnnerators to give maximum lobar excitations at a different location. Hence, during the first loading the vibration generators were connected to the interior surface of the shell 180 deg. apart at Frame 3 at 120-deg. and 300-deg. orientation; for the second loading the vibrators were relocated at 60-deg. and 240-deg. orientations.
In order to obtain the circumferential dynamic strain distribution around the shell and the superposed static strain, Type A-7, SR-4 strain gages were mounted at the five locations shown in Figure 2 . To facilitate testing and analysis, separate gages were mounted at each location for simultaneous measurement of static and dynamic strain; each gage was connected directly to equipment most suitable for recording the respective measurement. The static gages were connected to a Baldwin Southwark, Type K, strain indicator for which a dummy temperature-compensating gage was mounted on an unstressed piece of steel attached inside the model. Each active dynamic gage employed a separate dummy gage, and the two were connected so as to form two arms of a bridge circuit. These gages were connected to a TMB 5K15-A strain indicator, a carrier-type instrument for use in measuring dynamic strains at frequencies up to 1000 cps. The instrument is designed for use with Type A SR-4 wireresistance strain gages and will deliver up to 15 ma to a 7-ohm galvanometer for strains from 100 to 6000 ft in/in. Internal calibration is provided for each sensitivity step. A Consolidated electromagnetic oscillograph with 10-ma galvanometers was used to record the dynamic strains. A 60-cycle timing signal was improssed upon one galvanometer to serve as a time base.
Both the hydrostatic pressure and the variation of pressure within the test chamber while the model was being vibrated were recorded. The hydrostatic pressure was measured with a 1000-psi Bourdon-tube pressure gage. Since it was expected that the change in volume within the test chamber due to vibration of the model would be small, it was necessary to select a pressure gage that could withstand the maximum hydrostatic pressure and yet be sensitive enough to record the small variations in pressure. The most suitable instrument readily available which would satisfy these conditions was a TMB 1000-psi elastic-tube pressure gage, which consists essentially of a thin elastic steel tube with strain-sensitive electrical wire attached to it. This gage has a sensitivity of 0.7 p in/in/psi. The signal input uvjRi this gage was fed into a TMB 5K15-A strain indicator and recorded, on the Consolidated oscillograph, thus enabling the variation in pressure to be recorded to the nearest pound per square inch.
CONFIDENTIAL CONFIDENTIAL RESULTS
It will be recalled that Model DR202 was tested in connection with residual-strength studies 5 Tables 2 and 3 ; these show the amplitude of driving force due to the vibrator, the resonance frequencies, and the resulting dynamic strain at each gage location for every increment of hydrostatic load for the various lobar modes. The modes excited were i -3, t = 4, and t -5; the t » 2 mode could not be excited with the model clamped in the test tank. In examining the tabulated data, it should be noted that during the first loading sequence up to 425 psi the strains measured by Gage 1 represent the maximum for each mode. This is not true for the second loading due to reorientation of the vibration generators. However, the consistency of the data for both loadings is indicated by comparison of strains measured by Qages 2 and 3 located at the same circumferential orientation one frame spacing apart. Gage 3 gives a slightly higher value of strain than Gage 2 due to larger displacements at this location.
Tabulated results of the dynamic tests for the first and second loadings are given in
Summarized of hydrestaiio load, the relationship between dynamic strain sensitivity and hydrostatic pressure decreases and then slightly increases again. As will be shown later this behavior cannot be rationally related to the structure of the model itself, and several explanations have been sought from examination of the test conditions.
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The change in the lobar resonance frequencies plotted as a function of hydrostatic pressure is shown in Figure 12 . It is noted that the resonance frequency for each mode is diminished as the hydrostatic loading is increased. 
TABLE 4 Observed Frequencies of Lobar Vibration Obtained under Various Test Environments
The amount by which the resonance frequencies of lobar vibration are lowered because of the virtual mass of surrounding water varies slightly from 43 percent at t • 3 to 59 percent at i = 5.
Test Envifoment
Frequency, cps Table 5 gives the ratios of measured strains (Qage 1/Gage 2, Qage 2/0age 8, etc.) at i -8, 4, and 5 modes for three different pressure increments and compares these ratios with those predicted by thin-ring theory. In order to make this comparison, it is necessary to obtain theoretical ratios of moment at each gage location with reference to tne observed peak amplitude in closest proximity to the point at which the force was applied (Figures 15 to 17) by assuming that moment distribution is given by cos i ($ n + <£ t ) where « n is the angular distance from Vibration Generator 1 to Gage A and 6 j is the distance between experimentally observed maximum amplitude and theoretical maximum at point of application of driving force. The comparison is very good considering that experimental nodes are not exactly equidistant and that location of the reference maximum is subject to experimental error of £ 3 deg. In addition this comparison serves to indicate that hydrostatic pressure does not significantly alter the mode shape. 
CONFIDENTIAL
The observed cyclic variation in dynamic strain sensitivity with hydrostatic pressure shown in Figure 11 is not compatible with that which would be expected. Ordinarily, it would be presupposed from elementary theory that the dynamic bending strains per unit applied force would steadily increase as hydrostatic pressure is applied.* In reviewing the possible causes for this inconsistency, it was noted that by touching the test tank during the test a small amount of vibration was detected. This transmission of the model vibration through the serrated clamping flange to the test tank indicates that some of the energy was being dissipated because of the coupling action. In order to avoid possible effects of end constraint and associated coupling action, future tests of models of similar geometry will be conducted in the re* cently constructed 8-ft diameter tank, and the model will not be mechanically attached to the tank. An additional difficulty was encountered during the test which would affect the value obtained for dynamic strain sensitivity coefficient. Owing to the small amount of damping in the test structure, it was very difficult to obtain data at the very peak of the resonance curve for each mode. Any slight variation in the point on the resonance curve at which data were taken from one increment of loading to the next would produce an appreciable variation in the developed strain. In order to minimise this effect, the frequency was varied quite 8lowly near resonance, and recordings were made only when simultaneous observation of dynamic strain was a maximum and armature current (force) of monitored undistorted sinusoidal wave form was a minimum. •This can be shown by considering the elementary cane of a pin-connected beam subjected to a combined axial and lateral force aa discussed by Timoahenko. The expressions for maximum lateral deflection and bending moment contain two factors; the first represents deflection or bending moment caused by the Ntersl load •lone while the second is s "magnification factor" representing the action of the axial force. For a very small axial force, the magnification factor ia near unity, but aa the axial force is increased the deflection and bending moment Increase until ultimately at the critical load they increase without limit Results of theoretical correlation of the experimental frequencies obtained by consider* ing the stiffened shell analogous to a collection of identical rings provided with elastic support by the shell are shown in Table 6 for the model in air and also when surrounded by water at atmospheric pressure. These results indicate that such an analogy is possible for the par-'•iculiu* model geometry in question by assuming only radial elastic support. A similar correlation was attempted assuming combined radial and tangential elastic support but was not applicable since small negative values of tangential support were required to satisfy experimental observations. The introduction of a negative value for elastic support would imply that energy was being fed into the system by the elastic support, which is impossible. It is interesting to note, however, that the assumption of tangential support gives a higher value for the resonance frequency at t • 2 mode than at t -3. Phenomena of this type noted in other tests have been regarded as a higher-order response because the second and higher t = 2 mode has always exhibited a weaker response to a given driving force. On the basis of observations made during these tests, in particular the inability to excite an i = 2 "»ode with the model mounted in the test tank, it appears that the additional but apparently secondary modes of response should be studied carefully in the future. An additional comparison between measured and computed resonance frequencies based on Bleich's analysis can also be made. However, it should be noted that any numerical com* putations made with this method are tentative and may be subject to revision upon publication of the completed analysis of the problem. The calculated results for the resonance frequencies of the lobar modes for the model in air are given in Table 7 
COMPARISON OF OBSERVED AND COMPUTED RESONANCE FREQUENCIES
